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Abstract
The resulting thermomechanical load on the workpiece in deep hole drilling operations using minimum quantity lubrication (MQL) induces a
strong in-process deﬂection of the machined component and can cause an insuﬃcient accuracy of the produced hole. Also subsequent machining
operations can be aﬀected by the thermoelastic component of this deformation, which remains within the workpiece after the drilling process. Due
to the comparatively long main time of typical deep hole drilling operations the thermomechanical simulation of commonly complex machined
parts is challenging. In this paper, a fast ﬁnite-element approach using massive parallel solution methods is presented and validated for diﬀerent
wall thickness situations.
c© 2015 The Authors. Published by Elsevier B.V.
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1. Introduction
Deep hole drilling using twist drills allows higher feed rates
and respectively shorter machining time in comparison to the
classic single-lip deep hole drilling method. That is the reason
why twist drills are more and more used in order to enhance the
productivity of the deep hole drilling process. The twist angle
of the tool can also help to facilitate the chip removal particu-
larly in large drilling depth. Furthermore, the minimum quan-
tity lubrication (MQL) generates a reduced power consumption
of the machine tool, in particular of the cooling lubricant sys-
tem, and consequently increases the eﬃciency of the machining
process (see [1]). Due to the reduced cooling eﬀect of the MQL
and the internal cutting zone in drilling operations the heat in-
put into the workpiece is comparatively strong. This can lead
to high thermal gradients within the part during the machin-
ing and cause thermally induced workpiece deviations (see [2]).
The investigations on deep hole drilling of aluminium cast alloy
AlSi9Cu3 show that the cutting zone causes primary heat ﬂow
into the workpiece, but the heated MQL stream at the bore hole
wall also generates a secondary heat ﬂux into the workpiece.
A ﬁnite-element analysis of the thermal ﬁeld distribution in the
workpiece was realized using an innovative solution approach.
The main aim of this simulation is the reliable prediction of the
thermal expansion and the resulting deviations in order to de-
velop a compensation strategy for the deep hole drilling using
twist drills and MQL.
To predict the behavior of such a deep hole drilling process
a ﬁnite-element simulation is developed. In a ﬁrst step the aim
is to accurately predict the temperature and the displacement
distribution during the process. For three diﬀerent values of the
wall thickness a validation of the implemented program is car-
ried out. To reduce computation time in order to facilitate a
suitable mesh resolution and time step sizes a large-scale paral-
lel solution approach is used which will also aﬀord to simulate
the drilling of more than one bore hole in the same workpiece
successively.
In Section 2 the experimental setup is presented followed by
the mathematical model which is described in Section 3 includ-
ing details of the simulation framework. The validation of the
developed simulation is shown in Section 4.
2. Experimental setup
The experiments were carried out on a four-axis machining
center GROB BZ600 using a nonstandard three-channel MQL-
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Fig. 1. Design of the workpiece geometry for allowing a thermal expansion
supply device. Thereby the MQL-spray nozzle was placed di-
rectly behind the rotating unit of the machine spindle, in order
to reduce the path length between the MQL atomization point
and the working zone. The air ﬂow capacity used in all exper-
iments was constant with Vn = 12m3/h at standard conditions,
the pressure was ﬁxed to pMQL = 15 bar.
In the presented investigations an aluminium die casting al-
loy EN AC-46000 was machined, which is widespread, partic-
ularly in the automotive industry. This material is often used
for combustion engine and gearbox components, e. g. cylinder
head, crankcase and housing parts. Thereby deep-hole drilling
is frequently applied to generate oil and coolant channels. The
workpiece, developed for these investigations, is shown in Fig-
ure 1 and features a long slot groove, in order to reproduce the
industrial deep hole drilling of geometrically complex compo-
nents. This special design allows the thermally induced de-
formations within the upper half of the workpiece by indepen-
dent clamping of the lower half. To realize a diﬀerent material
thickness and thus an asymmetric heat capacity behavior at the
hole wall, as resulting in deep hole drilling of complex parts,
the vertical position of the hole within the quadratic cross sec-
tion of the workpiece was varied. Thereby wall thickness of
sw = 5mm, sw = 3mm and sw = 1mm were analyzed.
The deep-hole drilling tool used in the experiments is a
solid carbide drill with internal coolant channels, a diameter
of d = 10mm and a total length of l ≈ 360mm (Figure 2).
The clamping length of lclamp = 40mm leads to a ﬂute length of
Fig. 2. Speciﬁcations of the deep hole drilling tool
lﬂute ≈ 318mm. Correspondingly, a maximum drilling depth of
l ≈ 300mm can be achieved and was assumed in this investiga-
tion. The special cutting edge geometry for machining of alu-
minium provides an improved chip breakage and achieves high
process stability. In order to enhance the chip evacuation under
near-dry conditions the chip ﬂutes are polished. The pilot hole
with a depth of lpilot = 30mm was generated using a compati-
ble pilot drilling tool with a diameter oversize of Δd ≈ 10 μm
in comparison to the deep hole drilling tool and a point angle
of σpilot = 140◦. The cutting speed of vc = 175m/min and the
feed of fs = 0.3mm were constant in this investigation, since
the focus was on the modeling of diﬀerent hole wall thickness
situations and their inﬂuence on the thermal and deformation
eﬀects.
Initially, the experimental setup was developed in CAD, in
order to design the ﬁxture components and to carry out the po-
sitioning of the in-process measurement instrumentations (Fig-
ure 3). The part temperature was determined on the upper sur-
Fig. 3. CAD-design of the experimental setup and the in-process applied equip-
ment for measurement of the cutting forces, the workpiece surface temperature
and the deformation.
face of the workpiece, within a measuring ﬁeld with length of
l ≈ 32mm and width of w ≈ 25.2mm by an infra-red ther-
mography camera, operated with a frame rate of f = 80 fps.
A structural resolution of a ≈ 50 μm/pixel results due to the
characteristics of the used optics. The measuring ﬁeld has an
axial position along the drilled hole between l = 198mm and
l = 230mm. The measurement of the radial workpiece defor-
mation was carried out using a laser triangulation sensor. The
measuring spot has a diameter of d ≈ 30 μm and was placed ex-
actly in the middle of the upper surface of the workpiece, where
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the maximum thermal deformation was expected. In order to
determine the mechanical load of the workpiece a rotating dy-
namometer was used. Thereby the feed force was measured and
subsequently applied in the ﬁnite-element simulation as an uni-
formly distributed mechanical load on the ground of the drill
hole. Former numerical experiments indicated that the drilling
torque is insigniﬁcant regarding the macroscopic thermoelastic
workpiece behaviour, thus it was neglected in the further mod-
eling. Moreover, the evaluation of the cutting power allows
the estimation of the primary heat source, which is necessary
input data in the subsequent simulation. The temperature and
deformation data obtained from the experiments is discussed in
direct comparison to the simulation results in Section 4.
3. Modeling and simulation
The aim of this section is to focus the mathematical model
which is set up to simulate the deep hole drilling process intro-
duced in previous section. Beyond that the used discretization
and solution method are established concluding with a result for
the strong scaling of the parallel framework.
3.1. Mathematical model
The mathematical model is based on the following classical
formulation, cf. [3],
− div (P(u, θ)) = 0 in Ω × (0, T ),
ρcθ˙ +H(u˙) − κΔθ = 0 in Ω × (0, T ),
u = 0 on ΓD1 × (0, T ),
P(u, θ) · n = Ff/|ΓN | on ΓN × (0, T ),
θ(·, 0) = Tinit in Ω,
∂nθ = PW/|ΓN | on ΓN × (0, T ),
κ∂nθ + γOS(θ − TbulkOS) = 0 on ΓD2 × (0, T ),
κ∂nθ + γW(θ − θs) = 0 on ΓD3 × (0, T ),
(1)
where P(u, θ) = σ(u) − dKα(θ − Tinit) Id denotes the ﬁrst Piola-
Kirchhoﬀ tensor, which consists of the linear mechanically in-
duced stress tensor σ = σ(x, t) minus the thermal stresses
dKα(θ − Tinit) Id with the bulk modulus K = E3(1−2ν) , the Young
modulus E as well as the Poisson ration ν, the thermal extension
coeﬃcient α and the spatial dimension d. Furthermore the dis-
placement u = u(x, t) and the temperature θ = θ(x, t) as well as
a time independent reference temperature Tinit = θ(x) are used.
The domain Ω ⊂ R3 is given by the workpiece. Further con-
stants to describe the material characteristics in the heat equa-
tion in (1) are the density ρ, the thermal capacity c, and the ther-
mal conductivity κ. Heating from the Joule eﬀect is included by
the termH(u˙) := dKαTinit div(u˙).
The linearized strain tensor ε(u) = 12
(
∇u + ∇uT
)
is used,
because of the expected deformations are small in the consid-
ered application. An isotropic linear elastic material behav-
ior is assumed, because of the small stresses, which leads to
σ = Cε(u) = λ tr(ε(u)) Id+2με(u) with the Lame´ coeﬃcients
λ = Eν(1+ν)(1−2ν) and μ =
E
2(1+ν) .
The clamping area provides the Dirichlet boundary ΓD1 ,
whereas the drill deﬁnes a Neumann boundary ΓN , where the
surface force given by the feed force Ff per area ΓN and the
primary heating PW per area ΓN exert. The heat transmission
on the outer surface ΓD2 is taken into account by the second to
last equation in the system (1), which depends on the bulk tem-
perature TbulkOS and the heat transfer coeﬃcient γOS. The last
equation is further explained in Section 3.4.
3.2. Temporal and spatial discretization
To ease the notation the boundary conditions are not re-
peated in this section. The time interval (0,T ) is decomposed
in N timesteps by 0 = t0 < t1 < . . . < tN = T with timestep
size kn = tn − tn−1. An implicit Euler method for the time
discretization, described e. g. in [9], is used, which yields
un = un(x) = u(x, tn) and
− div (P(un, θn)) = 0 in Ω,
ρc
θn − θn−1
kn
+H
(
un − un−1
kn
)
− κΔθn = 0 in Ω.
Multiplying with the timestep size kn and collecting all terms
which involve the unknowns un and θn on the left side leads to
− div(P(un, θn)) = 0 in Ω,
ρcθn +H (un) − knκΔθn = ρcθn−1 +H(un−1) in Ω.
By dropping the terms H(un) and H(un−1) the system can
be decoupled. Numerical results presented in Section 4 show
that the diﬀerence between the coupled and decoupled system
is neglectable for the considered examples. Eventually for this
reason and to reduce the computation time the following decou-
pled system is chosen
ρcθn − knκΔθn = ρcθn−1 in Ω, (2)
− div (σ(un)) = div (dKα(θn − Tinit) Id ) in Ω. (3)
Hence the thermal variable θn does not depend on the me-
chanical variable un any more and the heat equation (2) can be
solved ﬁrst. Afterwards in a second step the elastic equation (3)
is solved.
The spatial discretization is done by the ﬁnite-element
method (FEM) using trilinear ansatz-functions for (2) and (3)
(see [9]). For solving both resulting symmetric and positive
deﬁnite systems, a preconditioned conjugate gradient method
(CG) is used. An Algebraic Multigrid (AMG) and a paral-
lelized version of symmetric successive overrelaxation (SSOR)
are applied as preconditioners for the mechanical respectively
the thermal part (see [10–13]).
3.3. Modeling of material removal
Since the ambition is to simulate a deep hole drilling pro-
cess as realistically as possible, the removed material has to be
handled in the modeling. Cells in the FEM simulation are deac-
tivated according to the corresponding material removal. In this
context deactivation is realized by multiplying the local Lame´
coeﬃcients for equation (3) as well as the thermal conductivity
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Fig. 4. 3D-FE-model in sectional view: a) initial stage with pilot hole, but
no deactivated elements. b) load application within the process loop, in which
elements are incrementally deactivated according to the current drilling time
and depth. c) ﬁnal FE-model
for (2) each by 10−6. Due to numerical reasons it is not advis-
able to set these parameters to zero. The meshes are created in
such a way that a cell belongs either to the removed material or
to the remaining material completely.
3.4. Heat sources and feed force
Beside the primary heat source a secondary one along the
wall of the drilled hole has to be considered. In Figure 4 the
places where these two heat sources run into the material are
speciﬁed. The feed force, which acts on the ground of the bore
hole due to the chisel and the cutting edges, is also outlined in
Figure 4. The two linear graphs in Figure 5 deﬁne the function
θs which is used to describe the convective heat transfer along
the wall of the drilled hole (ΓD3) as the side condition
κ∂nθ + γW(θ − θs) = 0 on ΓD3 × (0, T ).
3.5. Massive Parallelization
In order to solve more complex situations as considered in
this work which might come up with more than one drilled
hole, one relies on clusters with hundreds or more processor
cores to keep computation time suﬃciently small. The open
source DEAL.II ﬁnite element library [4,5], which uses the
TRILINOS library [6,7] for its parallel linear algebra and
P4EST [8] for parallel mesh handling, provides suﬃcient
tools for this task. The strong scalability of the implemented
program is shown by Figure 6.If the number of cores is doubled
the overall computation time is almost halved. An optimal
Fig. 5. Boundary condition at the drilled hole wall, applied as a moved (begin-
ning at the current drilling position) double ramped convective heat transfer, in
order to summarize the MQL-stream and both the friction eﬀects of the guiding
chamfers and the chips along the wall of the drilled hole.
scaling cannot be achieved, since there is always an overhead
due to the necessary communication work between the cores
which gets the bigger the less unknowns per core occur. This
framework also exhibits the possibility to develop an approach
to reproduce a permanent distortion of the bore hole caused by
the drilling process as a next step.
Fig. 6. Strong scaling for a mesh with 177486 elements, 578.958 unkowns for
the displacement and 192.986 unkowns for the temperature
4. Simulated temperature distribution and deformation
Before the comparison between experimental and FE simu-
lation results are introduced, examinations with respect to the
discretization in space and time as well as to the decoupling are
presented. The speciﬁcations for the experiment or rather the
simulation are given in Table 1.
4.1. Decoupling and discretization
Figure 7 shows the results for the case sw = 3mm. The dif-
ference between the solution of a coupled and the solution of a
decoupled system is neglectable. Hence as noted before in Sec-
tion 3 the signiﬁcantly faster decoupled simulation is studied.
To show that the chosen discrezation in space and time is suﬃ-
cient, results for three diﬀerent discretizations are presented in
Figure 8. For the red graph the cells within a cuboid enclosing
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Table 1. Material properties, loads and boundary conditions
Material properties
Young modulus E: 70,000 MPa
Poisson ration ν: 0.3
Thermal conductivity κ: 115 W/(m · K)
Density ρ: 2,750 kg/m3
Speciﬁc heat capacity c: 880 J/(kg · K)
Coeﬃcient of thermal expansion α: 22 · 10−6 K−1
Loads and boundary conditions
Feed force Ff : 817.45 N
Primary heat source PW: 975 W
Initial temperature Tinit: 25 ◦C
Heat transfer at the wall of the drilled hole (SHS)
Bulk temperature Tbulk1: 60 ◦C
Bulk temperature Tbulk2: 100 ◦C
Bulk temperature Tbulk3: 80 ◦C
Ramp length lramp1: 80mm
Heat transfer coeﬃcient γW: 1,400 W/(m2 · K)
Heat transfer at the outer surfaces (OS)
Bulk temperature TbulkOS: 30 ◦C
Heat transfer coeﬃcient γOS: 100 W/(m2 · K)
the drilled hole are reﬁned once more. The adaptively reﬁned
spatial mesh consists of four times more elements (717.676)
which leads to a ﬁve times higher computation time. The green
graph is computed on the same mesh but with 540 instead of
270 time steps which means obviously almost a doubling of
the computation time. At last the blue graph which nearly van-
ishes behind the red one results from an uniformly reﬁned mesh
with 177.486 elements and 270 time steps. It is easy to see that
the time discretization has the biggest inﬂuence. But since the
diﬀerence between the blue and green graph is still small the
coarse discretization in space and time is chosen for all other
presented simulation results.
Fig. 7. Temperature and displacement in a coupled and in a decoupled simula-
tion.
Fig. 8. Temperature and displacement for diﬀerent spatial and temporal dis-
cretizations.
4.2. Experiment vs. simulation
Since the aim is to predict the temperature distribution and
the mechanical distortion in deep hole drilling accurately, Fig-
ure 9 demonstrates that the modeling is suﬃcient. There is no
change in the temperature, until the drilling tool passes the eval-
uation point at zt = 212.5mm. The following temperature peek
is as expected with about 100 ◦C the highest for the thinnest
wall (sw = 1mm). The local inﬂuence of the drill is not as
strong in the thicker cases. Furthermore, the temperature in-
crease in the evaluation point zt is inversely proportional to the
wall thickness. This is caused due to the fact that the wall thick-
ness is directly proportional to the weight of the heated work-
piece volume between the bore hole and the upper surface, at
which the temperature is measured. But one cannot observe
only the inﬂuence of the primary heat source. The secondary
heat source, which was introduced in Section 3, Figure 4, pro-
vides additional cooling and heating eﬀects. Especially for the
wall thickness situations sw = 3mm and sw = 5mm the temper-
ature development behind the ﬁrst major increase shows a good
coincidence to the measured secondary heating, which induces
a further temperature rise until the end of the drilling process.
The validation of the deformation towards the y-axis illus-
trates the capability of the model, in order to predict the com-
plex thermomechanical workpiece distortion when deep hole
drilling of complex geometry parts with asymmetric wall thick-
ness situations. For the symmetric case sw = 5mm the de-
formation is increasing during the entire process. Considering
the asymmetrical cases sw = 3mm and sw = 1mm it is obvi-
ous that the slope of the graphs decreases below the evaluation
point, which is located exactly in the middle of the workpiece at
zd = 150mm. There are two eﬀects, which are responsible for
this complex developing. The thermal one causes a local heat
accumulation at the thin-walled area of the workpiece, hence
the thermal strain in this zone results in negative deﬂection to-
wards the y-axis. This eﬀect is obvious within the ﬁrst two sec-
onds of the process, where the wall situations sw = 3mm and
sw = 1mm exhibit negative values for the y-deformation. But
also at the end of the process the local heat accumulation causes
a reducing of the y-deﬂection. Furthermore, the feed force gen-
erates diﬀerent reaction forces and elastic deformations within
the workpiece before and after the cutting edge passes the eval-
uation point zd = 150mm, respectively the middle of the work-
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Fig. 9. Comparison of temperatures and displacements into y-direction at their
respective evaluation points
piece. The comparison of the simulated results and the mea-
sured data shows that the presented model is able to map the
interacting thermal and mechanical eﬀects and to predict the
workpiece temperature and distortion accurately.
5. Conclusions and outlook
The results presented in Section 4 show that the imple-
mented simulation is able to map complex thermomechanical
deep hole drilling processes and to predict temperatures as well
as deformations in the workpiece accurately. The massive par-
allel framework compared to commercial software products fa-
cilitate the computation of large and complex models in a more
admissible computation time. This is demonstrated due to the
results of the strong scaling. Hereafter the aim is to identify pa-
rameters more precisely to get even more reliable results. In the
presented model spatial and time discretization interdepends.
This leads to an unnecessary ﬁne spatial discretization and ac-
cordingly too a large number of unknowns. For this reason an-
other goal consists in the dissolution of this dependency. The
accurate prediction and mapping of such processes builds the
foundation for compensation of thermomechanically induced
distortions of drilled holes.
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